A simple 3-D biogeochemical model is coupled to a dynamical model forced by weekly winds deduced from ERS1 scatterometer data, to simulate new production in the equation Pacific from April 1992 to June 1995.
INTRODUCTION
The equatorial Pacific is one of the main productive areas of the world. The upwelling of nutrients maintains intense biological activity that could account for 50% of global new production (Chavez and Barber, 1987) . The inorganic carbon and nitrate contents of surface seawater are controlled by new production, defined by Dugdale and Goering (1967) as the sum of inorganic nitrogen inputs to the photic zone. New production and related transport of organic carbon and associated nutrients are key elements in' oceanic carbon cycle models (Bacastow and Maier-Reimer, 1991) . The equatorial Pacific is also subject to the El Niño-Southern Oscillation (ENSO) that affects the world climate on an interannual time scale and the equatorial Pacific therefore constitutes a key region for studying the carbon cycle. To understand new production and carbon fluxes on basin and ENSO t i m 7 scales, a 3-D ocean general circulation model . (OGCM) of the Pacific Ocean has been coupled to a simple biological model. The results from this model are described in this paper.
Until recently, it was thought that the flux of new production was carried mostly by the vertical flux of particulate organic nitrogen (PON) . In this respect, we made a first simulation, in which the equivalent of new production in the photic layer is instantaneously remineralized below the photic layer as a vertical flux of sinking particles. This produces, in the upwelling region, an excess accumulation of nitrate at depth, referred to as 'nutrient trapping' (Najjar et al., 1992) .
However, recent results from JGOFS (Joint Global Ocean Flux Study) process studies show that new production results partly from dissolved organic nitrogen (DON) and accounts for as much of the new production as does the downward export of particles (Buesseler et al., 1995; Lu0 et al., 1995; Libby and Wheeler, 1997) . A second simulation was then made in which new production is fractionated into sedimenting particles, and into DON (50%). Indeed, previous modelling approaches (Bacastow and MaierReimer, 1991; Najjar et al., 1992) show that including DON produces better agreement between predicted and observed nutrient concentrations.
In the present study, we compare modelled nitrate distributions, both with and without an explicit dissolved organic nitrogen (DON) compartment] with field data. Then the interannual variability of new production associated with the ENS0 is analysed from April 1992 to June 1995. Implications of this variability are presented in this work.
MODEL DESCRIPTION
We use the 3-D LODyC OGCM (Blanke and Delecluse, 1993) forced with observed weekly winds deduced from the ERS1 scatterometer The left-hand term represents the Eulerian variation of the tracer (nitrate) and is calculated as the sum of the advection terms (first term on the right-hand side), of the horizontal diffusion terms (this one is quasinegligible here), of vertical diffusion terms and of the biological sink. Currents and diffusion coefficients are taken from the dynamical simulation (Grima et al., The last term of equation 1 represents the bioloe ical nitrate sink (biological model). This term is modelled as a simple nitrate sink modulated by chlorophyll. T o keep the model as simple as' possible, no phytoplankton was explicitly represented in the model. Instead, we estimated the chlorophyll concentration using a nitrate/chlorophyll linear regression derived from in situ data. This choice is based on the decrease of the chlorophyll concentration at the surface from the eastern equatorial upwelling to the western warm pool (Dandonneau, 1992; Yoder et al., 1993) , and on a similar decrease in nitrate concentration that mirrors the westward temperature increase (Chavez et al., 1996) . Finally, the vertical profile of chlorophyll is estimated from the concentration at the surface and statistical equations by Morel and Berthon (1989) . The vertical profile of chlorophyll obtained in this way is used to calculate the irradiance at depth O 1998 Blackwell Science Ltd., Fish. Oceunogr., 7:3/4, [311] [312] [313] [314] [315] [316] 
1998).
' ' according to Morel (1991) . Photosynthetic nitrate fixation is then given by:
where V, , is the maximum nitrate assimilation rate and &O3 is the half-saturation concentration. PUR is the photosynthetic 'usable' radiation (Morel, 1991) and KE is the half-saturation constant for PUR. The V, , , and KNO, values that give the best fit with the FLUPAC ( Babin during FLUPAC and OLIPAC (Moutin and Coste, 1996) . The photic layer is defined as the 1% incident light penetration depth. The particles resulting from new production are instantaneously remineralized below the photic layer, with an exponential decrease with depth (Honjo et al., 1982) . (Murray et al., 1996) . In the first scheme (referred to as the PON simulation in the following), the export production is only made by sinking particles and is equivalent to new production, as adopted by Eppley and Peterson (1979) . In the second scheme (referred to as the DON/PON simulation) , the production of dissolved organic matter is also taken into account, by considering that only a fraction (a) of new production is remineralized below the photic layer as sinking particles and that the remainder (1 -a) is transformed into dissolved organic matter in the photic layer. Alpha (a) was taken to be equal to 50%, according to Yamanaka and Tajika (1997) . We assume that the consumption of the DON pool can be modelled as a .decay process with an e-folding time of 180 days in agreement with Archer et al. (1997) .
Initial conditions for the nitrate field are taken from the Levitus climatological nitrate field (Levitus et al., 1983 Chai et al., 1996) . Given this small increase, the model is considered to be in quasi-equilibrium.
RESULTS

Comparison of model results and observations
The FLUPAC cruise that took place in SeptemberOctober 1994 in the westem Pacific at 165"E (France-JGOFS), and the CGC94 WOCE cruise in March-April 1994 in the eastern Pacific at 1OO"W, collected samples in contrasting regions: in the warm pool region with warm, low-salinity and nutrientdepleted waters, and in the upwelling region characterized by cool, high-salinity and nutrient-rich water, respectively.
In the eastern meridional section at 11O"W ( Fig. ld-f) , nitrate is depleted north and south of the upwelling region and the nutricline is prominent. At the equator, the spreading of nitrate isopleths is associated with the Equatorial Under-Current (EUC). The nitrate distribution given by the two versions of the model is in good agreement with the data, in terms of both spatial structure and of values, and the nutricline is particularly well reproduced by the model. However the PON simulation produces an accumulation of nitrate below the nutricline at 3"N and 3"s ('nutrient trapping': Najjar et al., 1992) . The DON/PON simulation results in a decrease of the subsurface nitrate concentration at these latitudes, which is in better agreement with observations than in the PON simulation.
In the warm pool, the surface mixed layer was depleted of nitrate all along the transect including the region close to the equator (Fig. la) . Modelled nitrate concentration in the DON/PON simulation (Fig. IC) is in closer agreement with observed distributions (Fig. la) than in the PON simulation (Fig. lb) , which produces a deeper nutricline and lower nitrate concentrations than observed.
In the DON/PON simulation, most of the DON is produced in the upwelling region of the eastern Pacific where advection of nutrient-rich waters into the surface layers is important. The DON is then advected westward in the surface layers via the westward-flowing South Equatorial Current (SEC) while part of this DON is exported poleward through the equatorial divergence in less than the e-folding time (180 days) at which DON is remineralized (Yamanaka and Tajika, 1997) . Hence, some of the production (DON) is exported zonally rather than being entirely remineralized below the photic layer as in the PON-only simulation. This decreases the nutrient trapping in the eastern Pacific (Bacastow and Maier-Reimer, 1991; Najjar et al., 1992) . The decay time for DON is such that a part of the westward flux of DON by the SEC is remineralized in the warm pool region, thus increasing nitrate at depth in the western Pacific. Consequently, the simulation is improved both in the west, where nitrate concentrations below the nutricline are enhanced, and in the east, where nitrate in excess below the nutricline in the upwelling region (i.e. the nutrient trapping) is removed.
Interannual variability of new production
We estimated new production using our model, by Table 1 . Our new production estimates are similar to the two estimates based on field measurements (Chavez and Barber, 1987; Ku et al., 1995) as well as to two estimations by models (Toggweiler and Carson, 1995; Chai et al., 1996) . Another estimate by Chavez and Barber (1987; 6 mmol N m-2 day-') using a mean nitrate concentration and the upwelling index derived by Wyrtki (1981) , and assuming that the upwelled nitrate was completely taken up by the phytoplankton, seems to be too high compared with our estimates and those of others (Table 1) . This is partly because the Chavez and Barber (1987) estimate ignores the losses of nitrate by physical processes, including tropical instability waves that generate intense downwelling, which export nitrate prior to its assimilation.
In the model, a well-marked salinity front at the eastern edge of the warm pool separates the fresh and warm waters (28°C) of the warm pool from the higher salinity and colder waters of the upwelling region (Fig. 2b) . The longitude of the salinity front varies with time. Picaut et al. (1996) have shown that these displacements were controlled by zonal advection in relation to ENS0 wind-driven surface current variations. In Fig. 2(a) , the 34.8 isohaline representative of the salinity front is superimposed on the simulated equatorial zonal current. Globally, an eastward shift of Latitude the salinity front is linked to an eastwards-flowing current and a westward shift to a westwards-flowing current. The simulation shows that the 'new production front' closely follows the salinity front (Fig. 2c) .
The salinity front thus separates the biologically poor, warm pool region to the west (nitrate-depleted surface layer) from the equatorial cold tongue of upwelled water further to the east. Although the period under investigation is limited to 1992-1995, it is clear from this simulation that the line that delineates the nutrient-poor pool from the rich pool can be zonally displaced over thousands of kilometres in phase with O 1998 Blackwell Science Ltd., Fish. Oceanogr., 7:3/4, 311-316. ENSO. Hence, in the western Pacific, the width of the productive area varies in time according to interannua1 ENS0 variability, whereas in the eastern Pacific, the seasonal cycle strongly controls new production (Fig. 2c) . Lehodey et al. (1997) have shown that the migrations of the skipjack tuna (Katsuwonus pelamis) population are also correlated to this ENSO-related zonal displacement of the warm pool. In Lehodey et al.
(1998, this issue), our modelled new production is used to force numerical simulations of skipjack forage abundance, and to study the coupling between tuna forage biomass and the skipjack fisheries. , ? Barber (1987) using Wyrtki's (1981) upwelling rate of 50 Svedrup Chavez and Barber (1987) using primary production and f ratio of 0.44 Chai et al. (1996) using ecosystem model in the upper 120 m Ku et al. (1995) using the ' ' ' Ra budget in the euphotic zone (EqPac) (Tans et al., 1990 ).
This ENSO-related zonal displacement of the warm and nutrient-poor pool has a second important implication for the marine ecosystem, because the displacements of tuna forage and of tuna concentrations, are shown to be closely linked to zonal shifts of the front (Lehodey et al., 1998 ). This simple model that simulates new production, the distribution of nitrate, and DON (i.e. the main substrate for the growth of bacteria) is thus a powerful tool for enhancing the understanding of other aspects of the ecosystem.
